Aims. Hot subdwarf stars represent a poorly understood late phase of stellar evolution. While binary evolution plays an important role for the formation of B-type subdwarfs (sdB), the origin of the helium dominated subclass of O-type subdwarfs (He-sdO) is still unknown. We search for chemical signatures of their genesis by means of quantitative spectral analyses of high-quality visual and ultraviolet spectra. Methods. Four prototypical He-sdO stars, one belonging to the nitrogen-rich and three to the C-rich subclass, were selected for which archival FUV spectra from the FUSE satellite as well as high-resolution visual and UVA spectra taken with the ESO-UVES/FEROS spectrographs are available. Using Tlusty200/Synspec49 to compute line blanketed-non-local thermodynamic equilibrium (NLTE) model atmospheres and synthetic spectra, atmospheric parameters and the abundances patterns have been derived. The final models included H, He, C, N, O, Ne, Mg, Al, Si, P, S, Fe, and Ni represented by the most detailed model atoms available. Because of the enrichment of either nitrogen or carbon, it turned out, that models including these elements at the appropriate high abundance provide sufficiently accurate approximations to the temperature stratification of full models. Results. No indications for binarity were found, neither radial velocity variations nor photometric evidence for the presence of a companion could be detected. All stars have helium-dominated atmospheres almost free of hydrogen and temperatures between 42 000 K and 47 000 K while their surface gravities lie between log g = 5.4 and 5.7. The abundance pattern of CD-31
Introduction
Hot subluminous stars (sdB and sdO) represent late stages of the evolution of low-mass stars and can be found between the main sequence and the white dwarf (WD) sequence in the Hertzsprung-Russell diagram. Most hot subdwarf stars, in particular the sdB stars, are core helium-burning stars with very thin hydrogen envelopes. Hence, the sdB stars populate the extreme horizontal branch (EHB). Unlike normal horizontal branch stars EHB stars are unable to sustain hydrogen shell burning (Heber 2009 ) and evolve directly to the WD cooling sequence without an excursion to the AGB. They can be found both in the old disk and the halo of the Galaxy (Ferraro et al. 1997; Napiwotzki 2008) and are sufficiently abundant to dominate the population of faint blue stars at high Galactic latitudes to about eighteens magnitude. Hot subdwarf stars are believed to be the dominating source for the UV upturn phenomenon that can be observed in elliptical galaxies and galaxy bulges (Brown et al. 1997; Han et al. 2007 ). While sdB stars form a rather homogeneous class of stars, subluminous O stars have more diverse stellar and atmospheric properties. Luminosities range from a few tens of solar to some thousands and effective temperatures of sdO stars span a large range from 40 000 K to 100 000 K (Napiwotzki 2008; Heber 2009 Heber , 2016 . The most luminous ones, however, are believed to be post-AGB stars similar to central stars of planetary nebulae. The atmospheric composition of sdO stars is diverse as well, in parArticle number, page 1 of 32
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A&A proofs: manuscript no. He_sdo_revised_accepted_arxiv ticular with respect to the abundances of helium, carbon, and nitrogen. In hydrogen dominated sdO atmospheres the helium content may be subsolar while helium is dominating over hydrogen in the He-sdO subclass. Hydrogen is hardly detectable for some of those stars. The origin of these He-sdOs is ambiguous as they are believed to form differently from the hydrogen-dominated sdO stars, which are naturally explained as the progeny of the sdB stars in a post-EHB stage of evolution. The low fraction of close binaries among He-sdO stars (Napiwotzki 2008) suggests that they may originate from the merger of two helium WDs (Webbink 1984) . However, this scenario is rivaled by the so called late hot flasher scenario, which does not implicate binary evolution. Instead, the helium, carbon, and/or nitrogen enrichments are attributed to internal flash phenomena occurring when a star has already embarked on the WD cooling sequence (Sweigart 1997) . Interest in the hot flasher scenario revived, when the small group of helium rich sdB stars attracted attention (Ahmad & Jeffery 2003) . Naslim et al. (2010) suggested that two subclasses should be distinguished according to their helium content: the intermediate iHe-sdBs with helium-to-hydrogen ratios between solar and He/H=4 (by number), because He-sdBs with higher helium abundance (extreme He-sdBs) have surface compositions distinctively different from the very peculiar composition of iHe-sdBs. The results of the spectral analyses of hot subdwarf stars from the ESO-SPY project (Lisker et al. 2005; Stroeer et al. 2007 ) suggest that such a distinction may be useful for the He-sdOs as well (see Heber 2016 , for a discussion). Therefore, we shall restrict the term He-sdO to those with almost pure helium line spectra (hydrogen Balmer components too weak to significantly contribute to the equivalent widths of the He ii/H i blends) throughout this paper. While spectral analyses of many subluminous B stars are available (e.g. Edelmann et al. 2003; Lisker et al. 2005; Geier 2013; Fontaine et al. 2014) , the sdO stars have not been studied extensively. This is partly caused by the need of model atmospheres in non-Local Thermodynamic Equilibrium (NLTE). When such atmospheres became available, first quantitative analyses were carried out from low (e.g. Dreizler et al. 1990 ) as well as highresolution spectra (e.g. Dreizler 1993 ). have presented a NLTE analysis from low resolution optical spectra of a magnitude limited subdwarf sample from the solar neighborhood, including 124 sdB and 42 sdO stars. Detailed abundance analyses, however, remained scarce.
The detailed abundance pattern of He-sdO stars are important to test the formation scenarios. The latest generation of NLTE model atmospheres is now able to treat NLTE and line blanketing effects by heavy elements consistently and allow abundances of low, intermediate and higher mass elements (iron, nickel) to be determined. In recent years several quantitative spectral analyses have been carried out, making use of visual spectra of low (e.g. as well as high resolution (Hirsch 2009 ). Those analyses, however, were restricted to the chemical elements H, He, C & N (Hirsch 2009 ) and H, He, C, N & O , only. Accordingly, He-sdO stars may be grouped into three subclasses, according to their carbon and/or nitrogen line strength; the C strong-lined, the N strong-lined and those where both carbon and nitrogen lines being strong (CN, Stroeer et al. 2007 ). Actually, the CN subclass is not well defined, because the classification scheme by Stroeer et al. (2007) is based on spectra of different S/N, most being much lower than the spectra presented here. Therefore, we distinguish N strong-lined (N-type) from C strong-lined (C-type) stars, only. This calls for more detailed abundances studies.
Visual Echelle spectra of excellent quality (high spectral resolution and S/N, as well as broad wavelength range) have become available and the FUSE mission has opened up the FUV spectral window to the Lyman series limit. FUSE spectra of high spectral resolution and S/N are now at hand superseding IUE UV spectra previously available for some He-sdOs both in terms of S/N and spectral resolution and allowing access to a larger number of elements than from visual spectra. Hot subdwarf stars have been observed in the far UV with the aim to probe the interstellar medium, in particular by making use of the FUSE satellite (e.g. Sonneborn et al. 2002; Friedman et al. 2002; Jenkins 2013) . Similarly, high-resolution spectra in the UVA (3200 -3900Å) range have been taken to determine elemental abundances in the interstellar medium (e.g. Ti ii, Lallement et al. 2008) .
Most of the available quantitative spectral analyses of the photospheric FUV spectra have targeted the hydrogen-rich sdB and sdO stars (Ohl et al. 2000; Blanchette et al. 2008; Fontaine et al. 2006; Chayer et al. 2006; Latour et al. 2013 Latour et al. , 2018 and three helium-rich sdB stars (Lanz et al. 2004 ). To our knowledge no He-sdO has been analyzed from FUSE or UVA spectra. Hence, we considered it worthwhile to revisit some of the brightest He-sdO stars, for which data from modern groundbased Echelle spectrographs as well as from the FUSE satellite are at hand. We judged four stars to be the best suited ones, from both subclasses of He-sdOs, CD-31
• 4800 (N strong-lined), LSS 1274, and [CW83] 0904−02, and LS IV +10
• 9 (C stronglined). All of them have been analyzed before using an early generation of NLTE model atmospheres. We consider these stars as benchmarks for the abundance patterns of He-sdO stars to test the predictions of different evolutionary scenarios. In addition, they provide a benchmark for NLTE model atmosphere diagnostics. Hence, we also embarked on a detailed investigation of NLTE model atmospheres of different degree of sophistication and a reanalysis of previously analyzed spectra to identify potential systematic differences.
We begin with a description of the available spectra and discuss radial velocity variability in Sect. 2. In Sect. 3 we present our atmospheric models and spectral synthesis and provide a comparison of models of different degree of sophistication. In Sect. 4 we describe our approach to analyze visual and UVA Echelle and FUSE spectra. Atmospheric parameters are derived from visual spectroscopy in Sect. 5 along with stellar masses from spectral energy distributions and Gaia parallaxes in Sect. 6. The analysis of the metal abundances follows in Sect. 7 and results are discussed in the context of rivalling scenarios in Sect. 8. The paper ends with a brief summary and conclusions in Section 9.
The sample and spectral observations

CD-31
• 4800 was discovered by Garrison & Hiltner (1973) to be an extremely helium rich subluminous O star. Walker (1981) found the visual spectrum of LS IV +10
• 9 to be similar to that of CD-31
• 4800 and concluded that it must be of the same spectral type as CD-31
• 4800. Berger & Fringant (1980) observed low resolution UV spectra from the TD1 satellite and from a comparison with other sdO stars (including CD-31
• 4800) concluded that [CW83] 0904−02 is a sdO star similar to CD-31
• 4800. LSS 1274 was first described as a sdO star by Drilling & Heber (1987) . The first quantitative spectral analysis of visual spectra of CD-31
• 4800 was carried out by Giddings (1981) . With the advent of the IUE satellite high resolution ultraviolet spectra became available and early Echelle spectrographs for the visual wavelength range, such as CASPEC at the ESO 3.6m telescope, allowed high resolution spectra of sdO stars to be observed. Such visual and UV spectra were analyzed by Dreizler (1993) using the TMAP NLTE code (Werner & Dreizler 1999) and by Bauer & Husfeld (1995) using the NLTE code described by Husfeld et al. (1989) who derived atmospheric parameters and the abundance of light elements using NLTE model atmospheres and spectral synthesis. Hirsch (2009) derived H, He, C and N abundances from high-resolution visual spectra using TMAP NLTE model atmospheres and spectrum synthesis (Werner & Dreizler 1999) .
FUSE spectra were used to determine the deuterium-tooxygen and the deuterium-to-hydrogen ratios in the interstellar (ISM) medium toward CD-31
• 4800 and LSS 1274 (Hébrard & Moos 2003; Wood et al. 2004) . Jenkins (2013) used FUSE spectra of CD-31
• 4800 and LS IV +10 • 9 and [CW83] 0904−02 to study the respective line-of-sight warm ISM. Also the hot ISM has been investigated using FUSE spectroscopy of hot subdwarf stars to search for diffuse O vi emission (Dixon et al. 2006; Blair et al. 2009 ). Hence, for the ISM studies the stars just provided background sources. Here we turn the analysis around and re-use the observations to analyze the stellar photospheric spectra.
Spectroscopic Observations
For the four He-sdO stars (CD-31
• 4800, [CW83] 0904−02, LSS 1274 and LS IV +10
• 9) under investigation both visual and FUV spectra are available. The space-based FUV spectra from FUSE were obtained from the Mikulski Archive for Space Telescopes (MAST). The FUSE spectrograph covers the far UV wavelength range from 905 to 1185Å at a spectral resolution of R=20 000. The design of the instrument and the spectroscopic data products are described by Sahnow et al. (2000) , Moos et al. (2000) , and Dixon et al. (2007) . In addition, visual spectra, obtained with the UVES and FEROS spectrographs, were downloaded from the European Southern Observatory (ESO) Data Archive. The FEROS spectrograph covers the spectral range from 3530-9200Å at a resolution of R ∼ 48 000 (Kaufer et al. 1999) , whereas the UVES spectrograph allow spectra with different instrument setups (Dekker et al. 2000) to be taken, resulting in different spectral coverages and resolutions. Table A .1 gives an overview of our sample and the properties of the available spectral observations. Visual spectra taken with the CASPEC spectrograph at the ESO 3.6m telescope were also available (see Dreizler 1993) in reduced and normalized form. Those spectra complement the UVES spectra of LSS 1274 and LS IV +10
• 9 to cover the full visual spectral range. We take the opportunity to reanalyze the CASPEC spectra and compare the results to the published ones in Sect. A.4 in the appendix. The UVES spectrum of CD-31
• 4800 has been observed with the image slicer to enhance the spectral resolution to about R=70 000 in the blue and R=100 000 in the red channel, respectively. Because this is a non-standard mode of observing, the archive data showed serious data reduction artifacts. S. Moehler kindly rereduced those spectra. Despite of her extensive efforts some parts of the spectrum show residual fringing in the red part, which, however, does not compromise the spectral analysis. In addition to the visual and FUV range, we can make use of the extreme blue coverage of UVES in the wavelength range between 3200 Å and about 3800 Å (the UVA spectral range).
Line identification and selection
Line identification was done by consulting the NIST database (Kramida et al. 2018) as well as evaluating synthetic spectra calculated with the SYNSPEC code (Hubeny et al. 1994) . Especially the UVES spectrograph allows for high resolution spectra in the visual region to the atmospheric cut-off (the UVA range), which is important because it covers the limits of the hydrogen Balmer as well of helium line series. Most importantly numerous lines of light metals, in particular from N iii, O iii, and Ne ii are present. For the abundance analysis we had to select spectral lines in the first place that are not blended with lines of other chemical elements nor with interstellar or telluric lines. Because the metals are added to the models subsequently (see Sect. 4), we are also able to treat line blends when the abundance of the blending element has been determined beforehand.
The visual spectral range
Spectral lines in the visual selected for the spectral analysis are listed in Tables A.2 and A.4. Besides hydrogen and helium, lines from two ions of carbon (C iii and C iv)
1 , three ions of nitrogen (N ii, N iii, and N IV) were considered. Two ions of oxygen (O ii and O iii), silicon (Si iii and Si iv), and phosphorus (P iv and P v line), and two stages of sulfur (S iii, S iv) were also used. In addition spectral lines of Ne ii, Mg ii and Al iii were used as well. No spectral lines from iron group elements were identified.
The FUV spectral range
Many atomic and molecular interstellar lines are present in the FUV. Most of the atomic lines arise from neutral atoms, such as N i, O i, and Ar i (see Fig. 1 of Jenkins 2013, for an example, ([CW83] 0904−02)). We used the table of Morton (2003) to identify the atomic interstellar lines. More difficult are the molecular interstellar lines, most prominently the Lyman and Werner bands of H 2 . We used the list of Morton & Dinerstein (1976) for identification. While the Lyman and Werner lines are weak in CD-31
• 4800 and [CW83] 0904−02, they provide more severe line confusion for LSS 1274 and LS IV +10
• 9. The most obvious difference of the far-ultraviolet spectrum to the visual one is the large amount of lines of iron group elements. We concentrate on iron (Fe iii, Fe iv, and Fe v) and nickel (Ni iv and Ni v). Since the lines are heavily blended, great care has to be taken to chose appropriate spectral lines. As found for other sdO stars many spectral lines remained unidentified (e.g. Friedman et al. 2002) . Rauch et al. (2014) pointed out, that opacity is missing even when spectral lines from additional iron group elements are included in the calculation.
For the lighter elements (C to S) the same ions as identified in the visual are accessible in the FUSE spectral range as well with the exception of magnesium. In addition, O iv, S v and S vi lines are present.
Radial velocities
The observations were shifted to the rest wavelength before the analysis of atmospheric parameters was started. To this end we determined the radial velocity of the targets for each spectrum. This also allows us to co-add different single spectra and, thus to increase the S/N ratio. The radial velocity was measured by fitting a Voigt line profile to selected sharp metal lines. In the FUV, this was often not possible due to line blending and the lower spectral resolution. In these cases a synthetic spectrum was shifted manually and the best fit was determined by eye. Table 1 gives an overview on the measured velocities. Results from FUSE have to be dealt with caution as the wavelength calibration turned out to be non-consistent for some spectra. Dixon et al. (2007) found a systematic error of up to 10 km s −1 for the wavelength calibration of FUSE data, depending on the angle under which light hits the optics. We added this systematic error to the statistical ones.
Few radial velocities are reported in the literature. For CD-31
• 4800 Giddings (1981) and Drilling & Heber (1987) measure consistently 36 ±2 ± 7 km s −1 (statistical and systematic uncertainties) and 37± 1 km s −1 , while Kilkenny & Muller (1989) give 18 ±4 km s −1 . Hirsch (2009) find the radial velocity of CD-31
• 4800 to be constant at 36 ± 4 km s −1 in four consecutive nights and the same 174 days later. It is therefore likely that the Kilkenny & Muller (1989) as well as our measurements from FUSE spectra are less accurate than estimated, especially when taking the propagated error for FUSE from Dixon et al. (2007) into account. We conclude that there is no evidence for RV variations in CD-31
• 4800. Drilling & Heber (1987) . For LSS 1274 Drilling & Heber (1987 give v rad =24 ±1 km s −1 somewhat larger than derived here. We are not aware of any published radial velocities for LS IV +10
• 9 and, therefore, conclude that there is insufficient observational material to judge whether LSS 1274 and LS IV +10
• 9 are radial velocity variable or not.
Model atmospheres & synthetic spectra
Visual spectra are well suited to derive the T eff , log g and the helium abundance for example from the Pickering series of He ii, 4686Å, and several He i lines. Model atmospheres in NLTE and the corresponding synthetic spectra were calculated with the publicly available Tlusty 200 2 and Synspec 49 3 codes (Hubeny & Lanz 1995; Hubeny et al. 1994 ). The models are calculate in horizontally homogeneous, plane parallel geometry. A detailed description and manual is provided by Hubeny & Lanz (2017a,b,c) . The stellar atmospheres were assumed to be in radiative and hydrostatic equilibrium and include metal lineblanketing and the important broadening mechanisms. The most detailed model atoms were used that are available on the Tlusty website. We used the default values of the standard keyword parameters.
We calculated three different model grids. A grid containing only hydrogen and helium was constructed in order to compare with previous results. In addition, two grids with H/He and additional nitrogen or carbon (at the corresponding abundance for each sample star) were calculated to determine the atmospheric parameters and compare them to those derived by Hirsch (2009) . To fit the observational data, we made use of FITSB2 (Napiwotzki et al. 2004 ) spectral analysis program, and of SPAS, the Spectrum Plotting and Analysis Suite (Hirsch 2009 ), which are based on the fitting procedure described by Napiwotzki (1999) . These programs allow us to measure and correct for the radial velocity shift of each spectrum and derive T eff and log g along 2 http://nova.astro.umd.edu/Tlusty2002 3 http://nova.astro.umd.edu/Synspec49/synspec.html with the abundance of a single element by comparing precalculated synthetic spectra to the observations by means of χ 2 -minimization. A spline fit is used to interpolate between the synthetic spectra, while the fitting itself and the error estimations are done via the downhill simplex algorithm. An overview about the model atoms used is given in Table 2 . Including all significant elements (H, He, C, N, O, Ne, Mg, Al, Si, P, S, Fe, Ni) with their relevant model atoms in NLTE conditions is crucial to correctly model the structure of the stellar atmosphere and to improve the line fits in general.
Before starting the determination of atmospheric parameters and the abundance analysis, it is important to validate the fitting method and check if the calculated model atmospheres are appropriate. While determining abundances is quite straightforward, the atmospheric structure is often much harder to model.
Model atmospheres and the effects of additional absorbers
The determination of atmospheric parameters requires to properly account for line blanketing effects. As more metals are added, the total opacity increases and the effects of line blanketing back warming, and surface cooling are becoming more and more important, changing the temperature and density stratification of the atmosphere. Because accounting for many metal ions is demanding, very few attempts have been undertaken to model hot subdwarf atmospheres (e.g. by Lanz et al. 1997 ).
To investigate this issue, we compared the atmospheric structure delivered by different model grids. A model atmosphere with a temperature of 47 000 K, a surface gravity of log(g)=5.7 4 and a helium enrichment of 100 times hydrogen by numbers (similar to the one of [CW83] 0904−02, for which C is the most abundant metal at ten times the solar abundance) was calculated. The abundances of all metals are listed in Table 8 . The atmospheric structure was computed with an increasing number of opacity sources. The following steps were taken:
1. H, He 2. H, He, C 3. H, He, C, N, O 4. H, He, C, N, O, Ne, Mg, Al, Si, P, S 5. H, He, C, N, O, Ne, Mg, Al, Si, P, S, Fe, Ni We use the full model (model 5) as our reference and plot the temperature distributions of the models 1 (H/He only) to 5 (full model) after subtracting that of the reference model in Fig. 1 . The stratification of the H/He model (1) deviates drastically from that of the full model (5). As expected, adding absorbers cools down the outer atmospheric layers and heats up deeper layers significantly. However, in the line forming regions the temperature stratification of models 2 to 4 are almost identical and cooler than that of the full model (model 5) by 200K to 500K, only. We conclude that H/He/C composed model atmospheres with appropriately high abundances (He/H=100 and ten times solar carbon) produce a realistic temperature stratification in the line forming region. The same holds for N-rich He sdO stars if we replace carbon by nitrogen in the model calculations for grid No. 2.
We considered an analysis of mock data more conclusive than the discussion of the temperature stratification. To this end we used the synthetic spectrum calculated from the full model (model 5) and fitted it with grids of synthetic spectra calculated from the less sophisticated models. The fit was performed using the H/He and the H/He/N grid. The parameters were chosen to be the final ones for CD-31
• 4800 (T eff =42230 K, log g=5.6 and log y = log (n(He)/n(H) = 2.6, see Sect. 5). Accordingly, the nitrogen abundance was about ten times solar and the abundances of other metals are as given in Table 7 .
Despite the large differences in the temperature stratification of the H/He models, the best-fit effective temperature is hotter by 400K than that of the full model, only (see Table 3 ). However, the surface gravity is significantly larger and the helium abundance lower by 0.1 dex and 0.8 dex, respectively.
The H/He/N grid reproduces the spectrum calculated from the fully blanketed model very well. The atmospheric parameters of the best-fit H/He/N model differ by as little as 10 K, 0.02 dex and 0.2 dex for T eff , log g and log y, respectively. This reassures us that the use of model grids including the most abundant metal (C or N) at the appropriate high abundance is a good approximation to the computationally costly full models.
Determination of effective temperature, surface gravity and abundances
The effective temperature, surface gravity, and helium-tohydrogen ratio are determined from the hydrogen and helium lines listed in eter is the abundance of the dominant metal (carbon and/or nitrogen, see Sect. 3). Other metals also have an impact on the atmospheric temperature and density stratification, though at a lower level (see Sect. 3). Hence the following analysis strategy was designed. We started with a pure H/He-grid in NLTE ranging from 35 000 K to 56 000 K in temperature and from 5.0 to 6.2 in log g to get a first estimate of the atmospheric parameters. The helium abundances covered the range from n(He)=n(H) to n(He)=2000 × n(H). The basic atmospheric parameters were determined with this grid. Because of the strong carbon and/or nitrogen line spectrum, many helium lines are blended with C and/or N lines (see Figs. 2 and A.1), those blends had to be accounted for. To that end a small sub-grid based on the preliminary atmospheric parameters was utilized to determine the carbon or nitrogen abundance of each star, depending on which element showed stronger lines by visual inspections of the spectra. The next step was to upgrade the H/He grid with carbon or nitrogen, using the previously determined value for the abundance. The H/He grid was upgraded to a H/He/C or a H/He/N grid (see Sect. 3.1). The additional element was included in NLTE conditions. With this new grid, the atmospheric parameters (T eff , log(g), n(He)/n(H)) were revised. This procedure improved the line fits considerably. In the next step we added additional metals by calculating new model atmospheres with solar abundance (Asplund et al. 2009 ) for each available additional "visual/UVA" element (O, Ne, Mg, Al, Si, P, S) as a starting point for the further analysis and the atmospheric parameters from the previous iteration step were utilized. For each element a wide range of abundances was chosen in order to avoid extrapolation in the process of fitting individual lines. Afterwards, the abundances of all metals were calculated and fitted for one element after the other to the respective selected visual, UVA, and FUV lines. The procedure involved a simultaneous fit to the lines of the particular ion and uncertainties were determined using the bootstrapping method (see Napiwotzki 1999) . After having determined the final abundance of one element, the next element was investigated. This means that all elements included in the model have an influence on the stratification of the atmosphere. Elements with a high expected abundance (i.e. from visual inspection of the spectra) were fitted first. These were the elements of C, N, O and Ne or Si, while elements with hardly any visible lines like S or P were fitted last. To check for consistency between the visual, UVA and the FUV data and to improve the results, the fits were recalculated once more. This time iron and nickel were included from the beginning in the line formation and both the visual/UVA and FUV data were fitted for each ion. The final abundance is the errorweighted average of the ion-based abundances from the visual/UVA and the FUV. In those cases, where elements were only detectable in the visual/UVA, but not in the FUV, or vice versa, the abundance results are derived from only one wavelength range.
Effective temperatures, surface gravity, and Helium-to-Hydrogen ratio
The first step was to determine the atmospheric parameters of each star from the visual helium/hydrogen lines (see Table A .2). The first parameter estimate was done with a pure H/He grid. In the second step a H/He+C or H/He+N grid was used which were tailored to the specific object. Figure 2 shows the fit to the hydrogen and helium lines for CD-31
• 4800 and LSS 1274. The fits for [CW83] 0904−02 and LS IV +10
• 9 are shown in Fig. A.1 and Fig.A. 2. If possible, the same set of spectral lines was used in all stars. However, this was not always possible because of wavelength gaps, or artifacts in the spectra. Because of the low hydrogen abundances the Balmer lines introduce small asymmetries to every second line in the He ii Pickering series. At the appropriate He-to-H ratios all models predict H α emission. For the nitrogenrich CD-31
• 4800 this component can be reproduced very well (see Fig. 2 ). Other Balmer lines have to be reproduced simultaneously and consistently as well. In this context it is worthwhile to note that the core of the He ii/H β line is blended by a nitrogen triplet, which is non-negligible contribution to the line profile and has to be accounted for at high nitrogen abundances. However, the C-rich targets LSS 1274 and [CW83] 0904−02 do not show H α emission 5 components (see Figs. 2 and A.1). Hence, we are unable to reproduce this feature. Reducing the hydrogen content would remedy the issue, but the other lines of the Balmer series could not be reproduced. Hence, we rely on the higher Balmer lines. Stroeer et al. (2007) analyzed the high-resolution spectra of the SPY-sdO sample and found that 1-σ statistical errors are typically lower than 100 K, 0.04, and 0.04 for T eff , log g ,and log y, respectively. However, the error budget is dominated by systematic uncertainties. In the SPY project each target star was observed at least twice. Stroeer et al. (2007) estimated average systematic uncertainties by evaluating the distribution of differences in the fit parameters from individual spectra and find 1σ-values (sample standard deviation) of these distributions of ∆T eff /T eff =0.026, ∆ log g = 0.097 and ∆ log y/log y=0.097 for the sample. For our stars test calculations demonstrate that effective temperatures are better constrained by several ionization equilibria and the excellent quality of our spectra. However, the gravity uncertainties derived by Stroeer et al. (2007) appear to be realistic, while that of the He/H ratio appears to be underestimated for the extremely helium-rich stars. The finally adopted uncertainties are given in Table 4 which summarizes the results for the effective temperature, surface gravity, helium-to-hydrogen number ratio (log(y)), as well as the number ratio of the most abundant metal ((log(X/H)), that is N in the case of CD-31
• 4800, and C for the others) with respect to hydrogen. The rotation velocity as derived from metal lines (see Sect. 7.3) is also given. Because LS IV +10
• 9 is carbon and nitrogen-rich, we fitted the star with the N-rich model grid as well with the C-rich grid. The resulting atmospheric parameters are very similar (see Table 4 ).
[CW83] 0904−02 has been analyzed by Hirsch (2009) from the same FEROS visual spectra used here with synthetic spectra calculated with the TMAP code and hydrogen, helium and C composition, respectively. Hirsch (2009) also analyzed CD-31
• 4800 from a FEROS spectrum. Hence, it is worthwhile to compare his results to ours (see Table 4 ). For [CW83] 0904−02 our analysis yields an effective temperature higher than that derived by Hirsch (2009) by about 800 K. For CD-31
• 4800 both 5 The Hα line is not observed for LS IV +10 • 4800 (UVES, top panels) and LSS 1274 (bottom panels, UVES left, CASPEC right). The spectra have been corrected for radial velocity. Because it was not possible to match the He ii/H i 6560 line in LSS 1274 it was not included in the fit and is only shown for comparison. The very sharp absorption lines in the 6560 line wings are telluric lines.
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• 4800 are cooler than the C-rich ones including LSS 1274, [CW83] 0904−02, and LS IV +10
• 9, while both subclasses of He-sdOs have similar gravities.
Angular diameters, interstellar reddening, and stellar masses
Once the atmospheric parameters have been determined, photometric measurements allow additional parameters to be determined, in particular the stellar angular diameter and the interstellar extinction. If the distance is known, the stellar mass can be derived. To this end we constructed spectral energy distributions from photometric measurements ranging from the ultraviolet (IUE) to the infrared (J,H,K; 2MASS ,UKIDS, Skrutskie et al. 2006; Lawrence et al. 2007 ) and (W1,W2; WISE, Cutri & et al. 2013 ). Magnitudes and colors in the Johnson (Mermilliod et al. 1997; Landolt 2007) , Strömgren (Paunzen 2015) , Tycho (Høg et al. 2000) , and SDSS (Henden et al. 2016; Wolf et al. 2018 ) photometric systems were fitted along with the SEDs (for details see Heber et al. 2018) . The photometric filter systems are inhomogeneous with respect to their bandwidth. Also the precision of the measured magnitudes may differ for the different filters. Ultraviolet spectra from IUE cover the wavelength range from 1150Å to 3150Å at a spectral resolution of 6 Å, whereas visual and infrared magnitudes are derived both from narrow band (e.g. Strömgren) and wide-band (e.g. Johnson, 2MASS, WISE) photometry. Because we have to combine UV spectrophotometry from IUE with broad and intermediate band visual and infrared photometry a suitable set of filters were defined to derive UV-magnitudes from IUE spectra that comprises of three box filters, which cover the spectral ranges 1300-1800 Å, 2000-2500 Å, and 2500-3000 Å. Interstellar extinction is accounted for by multiplying the synthetic flux with a reddening factor 10 −0.4A(λ) using the extinction curve of Fitzpatrick (1999) . We match the synthetic SED calculated from the final model to the observed one by adjusting the angular diameter and the interstellar reddening parameter E(B-V) assuming an extinction parameter R V = A(V)/E(B−V) = 3.15. In Figures 4 (LSS 1274 ) and A.4 (CD-31
• 4800, LS IV +10
• 9, and [CW83] 0904−02) we display the residuals (O-C) of the SED and color fits and plot the SEDs as flux density times the wavelength to the power of three (F λ λ
3 ) as a function of wavelength to reduce the steep slope of the SED on such a broad wavelength range.
The resulting angular diameter and interstellar reddening parameters are listed in Table 5 . Because of the quite low Galactic distances z of the program stars from the Galactic plane, we expect interstellar reddening to be substantial. Therefore, we also give the reddening to infinity from Schlafly & Finkbeiner (2011b) . The reddening for [CW83] 0904−02 is consistent while for the three others it is found to be significantly less than derived from the maps of Schlafly & Finkbeiner (2011b) indicating that most of the reddening takes place beyond the stars' distances. Reddening parameters for [CW83] 0904−02 and LS IV +10
• 9 can be estimated from the 3D dust maps of Green et al. (2018) and are consistent with those derived from the SED.
Figures 4 (LSS 1274) and A.4 (CD-31
• 9, and [CW83] 0904−02) demonstrate that the synthetic SEDs reproduce the observed ones all the way from the ultraviolet to the infrared. No infrared excess becomes apparent for any of our program stars. For LS IV +10
• 9 this is at odds with the results by Ulla & Thejll (1998) who found an infrared excess for LS IV +10
• 9 and concluded that this star has a companion of spectral type F4 to F6. However, their infrared photometry are brighter by up to two magnitudes than the 2MASS photometry we used (see Table 6 ). We have no reason to believe that the star is variable in light and conclude that the claimed IR excess is spurious.
The recent, second data release of Gaia (Gaia Collaboration et al. 2018) provided high-precision parallaxes for the program stars. Hence we can derive the stellar mass from the parallax, the angular diameter and the surface gravity via
The uncertainty of the mass is
(A = ln 10), which for the program stars is dominated by the uncertainty of the gravity. The masses, listed in Table 5 , scatter around the canonical mass for the core helium flash with CD-31
• 4800 and LS IV +10
• 9 at the low end and [CW83] 0904−02 at the high one.
Metal abundances
Having determined the atmospheric parameters we proceed to derive metal abundances. We used the NLTE synthetic spectra calculated with Tlusty/Synspec to derive the elemental abundance of C, N, O, Ne, Mg, Si, P, S, Fe, and Ni from selected lines and line blends were added subsequently in the spectral synthesis (see Sect. 2.2). Finally, the synthetic spectra were compared The top panel shows the spectral energy distribution. The three black data points labeled "box" are fluxes converted from artificial magnitudes computed by means of box filters of the indicated width from a low-dispersion IUE spectrum. Filter-averaged fluxes are shown as colored data points which were converted from observed magnitudes (the dashed horizontal lines indicate the respective filter widths), while the gray solid line represents a synthetic spectrum computed from a model atmosphere using the atmospheric parameters given in Table 4 . The residual panels at the bottom and right hand side show the differences between synthetic and observed magnitudes/colors. The following color codes are used to identify the photometric systems: Johnson-Cousins (blue), Strömgren (green), SkyMapper(yellow), 2MASS (red), WISE (magenta). 0.59 ± 0.14 to the observed spectra to identify outliers. Many ions display spectral lines in the visual/UVA as well as in the FUSE spectral range. This allows a comparison of abundances derived from different spectral ranges to be made, which is a crucial crosscheck for the reliability of FUV results which suffer from line crowding and uncertainties of continuum adjustment. For iron and nickel we have to rely on the analyses of FUV spectra. In Fig. 5 we compare the final synthetic spectrum to the observed spectra of LSS 1274 by selecting lines of different strengths, ionization stages and from different wavelength regimes to demonstrate the quality of fits achieved.
Several chemical elements (C,N,O, Si, P, S, Fe, and Ni) display spectral lines arising from two or three stages of ionization. Because ionization equilibria are very sensitive to effective temperature, the inspection of the chemical abundances derived from different ions is an important check on the effective temperatures derived from the He i and He ii lines. As demonstrated in Tables  7 and 8 the ionization equilibria for almost all elements are intact for the four stars, irrespective of whether they were obtained from the visual or the FUSE spectra. Elemental abundances are given as the error averaged mean values derived from different stages of ionization if available. The comparison of abundances Table 6 . Comparison of photometric magnitudes J, H and K from Ulla & Thejll (1998) and Cutri et al. (2003 Ne, and Ni, for which we adopt 0.15 dex. The adopted abundance error is calculated by adding these numbers in quadrature before averaging the abundances from the two wavelength ranges. Abundances with uncertainties exceeding 0.5 dex are not included in the averaging procedure.
Abundance by element
The available spectra and NLTE model atoms for TLUSTY/SYNSPEC enabled us to derive elemental abundance for C, N, O, Ne, Mg, Al, Si, P, S, Fe, and Ni. Tables 7 and  8 lists the resulting number abundances ratios with respect to hydrogen.
Carbon, nitrogen, and oxygen
There are plenty of lines both in the FUV and the visual for carbon and nitrogen in the C&N-type stars [CW83] 0904−02 LSS 1274, and LS IV +10
• 9. However, only a few carbon lines are found in the CD-31
• 4800 spectra. Fits to selected carbon lines of different ionization stages are displayed in Fig. 5 for LSS 1274. C ii 4267Å may be an important spectroscopic diagnostic when observed in such hot stars. The line is faintly present in the spectra of the C-rich stars, but not in the C-poor CD-31
• 4800 (see Fig. A .3 in the appendix). For CD-31
• 4800 the many visual and FUV nitrogen lines are even stronger than for the former stars. Both elements are present in several stages of ionization. In particular, nitrogen lines from N ii, N iii, and N iv are present. Figure 5 illustrates the match of synthetic spectra to observations for a few spectral lines for LSS 1274. The final model spectra reproduce the N iii and N iv as well as the C iii and C iv lines very well, indicating that their ionization equilibria are matched and the effective temperature is consistent.
Oxygen lines are weak in all program stars. The O ii ion is observable only in CD-31
• 4800. O iii is available both in the FUV, in the UVA and visual spectrum (see Fig. 5 ). Accordingly, the oxygen abundances are low for all stars. It is worthwhile to note that the oxygen abundance of LS IV +10
• 9 is significantly higher than those derived for the other stars.
Neon
Many lines of neon (Ne ii) lie in the UVA regime, which is difficult to observe from the ground. We take advantage of the capability of the UVES spectrograph to observe this spectral range. The Ne ii line strength of the N-type He-sdO CD-31
• 4800 are considerably weaker than that of the C-types, indicating quite different neon abundances. This is illustrated in Fig. 6 , where the Ne ii line fits for CD-31
• 4800 are compared to those of LSS 1274. While the neon abundance of CD-31
• 4800 turns out to be solar, it is about five times solar in LSS 1274 and even almost ten times in LS IV +10
• 9.
Magnesium, aluminum, silicon, phosphorus, and sulfur
In the visual spectrum the only magnesium line is Mg II 4481Å. Since no Mg lines in the FUV could be used, the magnesium abundance is based on a single line, which, however, is well reproduced by the final synthetic spectra in all program stars. For aluminum, the lines at 3601.63Å and 5696.6Å of Al iii were visible in all program stars, but no other ionization stage is observable. The FUV supplements two additional Al iii lines (see Table  A 
.5).
A variety of lines of silicon can be found in the visual, the Si iii lines being faint or absent in the hotter stars. Additional Si lines in the FUV were used for all program stars. As for carbon and nitrogen, we find Si iii and Si iv lines to be matched very well by the spectral line fit, indicating that the effective temperature is correct. All visual phosphorus lines were relatively weak and only usable in some of the sample stars. The strong phosphorus lines located in the FUSE range are the best choice to derive the phosphorus abundance. Both P iv and P v are matched well. The same holds for sulfur, for which the FUV lines of S iv and S v are the best choice.
Iron and nickel
The iron group elements dominate the ultraviolet spectral range of the program stars. We concentrate on the iron and nickel lines for three and four times ionized species. In Table A .5 the selected iron and nickel lines are listed. Some lines are given as single lines as well as part of a wider fit window with multiple lines. Some lines listed as multiplets in Table A .5, cannot be resolved in single lines. Iron and nickel lines were fitted in the same way as spectral lines from other chemical elements.
Elemental composition of the program stars
In Table 9 the elemental composition of the atmospheres of the program stars are summarized as mass fractions and compared to the solar composition (Asplund et al. 2009 ). As expected for He-sdOs, helium is dominant (97 to 99% by mass), hydrogen is strongly depleted in all stars, in fact only 0.06% to 0.2% of the atmospheric mass is hydrogen and carbon, nitrogen, or neon may be more abundant than hydrogen. The carbon mass fractions range from 1% to 2% in the C-rich stars, while nitrogen The values are given as log (n(X)/n(H)). A "-" indicates that no usable lines of the element were found. Abundance are listed as derived from each ion accessible. A bold element symbol indicates the abundance from all ionization stages combined. The finally adopted abundances are the error-weighted averages of the results from the visual/UVA and FUSE spectra, if available. Abundances with uncertainties exceeding 0.5 dex are given in parentheses (see text). • 4800. Neon provides 1% of the atmospheric mass for LS IV +10
CD-31
• 9. The abundance pattern of CD-31
• 4800 is shown in Fig. 8 and compared to those of the other three program stars in Fig. 8 .
In CD-31
• 4800, a clear CNO bi-cycle abundance pattern is observed. Nitrogen is enriched, while carbon and oxygen are depleted. Neon is slightly above solar, while the other intermediate mass elements are below solar by a factor of about 2. Iron is depleted compared to the Sun while Ni is slightly above solar.
LSS 1274, LS IV +10
• 9, and [CW83] 0904−02 are enriched in carbon with respect to the sun, while oxygen is depleted in all three stars. LS IV +10
• 9 is as strongly enriched in nitrogen as is CD-31
• 4800, while LSS 1274 is somewhat less enriched than CD-31
• 4800. The nitrogen abundance of [CW83] 0904−02 is close to solar. The carbon-to-nitrogen ratio by mass is X C /X N =1.7 for LS IV +10
• 9, 11 for LSS 1274, and 25 for [CW83] 0904−02. Neon is enriched with respect to the Sun in LSS 1274, [CW83] 0904−02, and LS IV +10
• 9 by factors between three and ten, while the other intermediate mass elements all scatter around the solar abundance level. In general, the abundances in LS IV +10
• 9 seem to be a little bit higher when compared to the other two stars. While iron is subsolar, the level of nickel is solar in LS IV +10
• 9 and in [CW83] 0904−02 and supersolar in LSS 1274.
A&A proofs: manuscript no. He_sdo_revised_accepted_arxiv Table 8 . Same as Table 7 , but for [CW83] 0904−02 (left hand panel) and LS IV +10
• 9 (right hand panel).
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Projected rotation velocity
CD-31
• 4800, LSS 1274 and LS IV +10
• 9 show no rotational broadening. For these stars, the projected rotational velocity is lower than v rot sin i = 5 km s −1 , the detection limit. Only for [CW83] 0904−02 rotational line broadening is detected. The projected rotation velocity was measured from the carbon lines in the visual spectrum of [CW83] 0904−02 to be v rot sin i = 35±4 km s −1 (see Fig. A.1 ). The rotational broadening is also obvious in the FUSE FUV spectrum (see Fig. 7 ) and was derived to be 30 ±4 km s −1 . Hence the projected rotational velocity from the FUV is consistent with the visual one within error margins.
Evolutionary status: Mergers vs. flashers
Confronting the properties of the program stars with evolutionary models should allow their origin to be constrained. We introduce the two rivalling scenarios and summarize the main observational results, before discussing the scenarios in depth.
Two rivaling scenarios have been proposed to explain the origin of He-sdO stars, the helium WD merger (Webbink 1984) and the late hot flasher scenario (Sweigart 1997; Miller Bertolami et al. 2008 ). In the merger scenario a binary system consisting of two He WDs loses orbital energy and angular momentum by the emission of gravitational waves and the orbit shrinks until the lighter component overfills its Roche lobe and disrupts, forming an accretion disk and possibly a hot corona around the more massive component. Once this material has been accreted by the M. Schindewolf et al.: A quantitative NLTE analysis of four helium-rich subdwarf O stars massive He WD, helium is ignited in the core and the remnant emerges as a hot subluminous star. The surface composition may be altered by thermonuclear reactions and mixing during the accretion process. Depending on the initial masses of the stars and the rate of accretion, thermonuclear processes may occur and change the chemical composition of the companion (Zhang & Jeffery 2012) .
The late hot flasher scenario does not require binary evolution and can also happen in single stars. If a low-mass star loses a sufficient amount of material on the red giant branch (RGB) before the helium core flash occurs, a delayed core helium flash kicks in when the star descends along the hot WD cooling track (Castellani & Castellani 1993) . Hot subdwarfs formed via this scenario can be found at the hot end of the extreme horizontal branch, close to the helium main sequence. The depletion of hydrogen can be explained by the presence of a sub-surface convection zone emerging during the helium flash that pushes hydrogen into deeper layers where it is diluted and can be burnt. Depending on the epoch when the core flash occurs, that means on or before reaching the WD cooling sequence, theoretical models predict different abundance patters to emerge in the stellar atmospheres (Brown et al. 2001; Cassisi et al. 2003; Lanz et al. 2004) .
The main observational results can be used to narrow down the parameter space for the evolutionary models:
The abundance patterns:
-Hydrogen is a trace element and detected at a mass fraction of 0.06% to 0.2%. -The overall metallicity of the stars is solar or slightly below solar (factor 2). Metal poor models can, therefore, be discarded. -Signatures of nucleosynthesis are obvious for C, N, O, and Ne. -CD-31
• 4800 displays C and O depletion and, N enrichment with respect to the Sun characteristic for processing by the CNO bicycle (see Fig. 8, left hand panel) .
-all C-rich stars have enhanced C, N, and Ne, while O is depleted with respect to the Sun (see Fig. 8 , right hand panel). 2. Abundance ratios for N/O and N/Ne show a trend to increase with increasing N/C (Fig. 9) for the four stars. -[CW83] 0904−02 could be a merger from more 'normal mass' He WDs. 4. Rotation: Projected rotation velocities are below the detection limit (5 km s −1 ) except for [CW83] 0904−02, which rotates at v rot sin i=30 km s −1 .
Formation through He-WD mergers
Stellar mergers of two He WDs have been suggested to explain the origin of He-sdO and -sdB stars. Zhang & Jeffery (2012) modelled the post-merger evolution of a helium plus helium double WD for four equal mass pairs (0.25M +0.25M ; 0.3M +0.3M ; 0.35M +0.35M ; 0.4M +0.4M ) in 1D geometry. The result of the merging process depends on the mass transfer rate. In the slow merger model, a debris disk forms from which the primary WD accretes. Temperatures are too low to allow nuclear burning to take place. The material accumulating at the surface of the primary is that of the disrupted He WD, that is rich in helium and nitrogen, but poor in C and eventually oxygen. If the mass transfer rate is high the less massive WD quickly transfers its entire mass to the companion's surface directly. The heating forces the material to expand and a hot corona quickly builds up. The high temperatures enable helium burning and a strong convection zone forms to possibly dredge up fresh carbon to the surface. The efficiency of the dredge up increases with merger mass. The third model investigated by Zhang & Jeffery (2012) is a composite one assuming both processes to occur. The surface abundance pattern from a composite merger should be a mix of the patterns of both slow and fast models. High-mass mergers models predict carbon-rich material to be dredged-up, whereas low-mass ones do not. Accordingly, the composite merger models of Zhang & Jeffery (2012) predict the atmospheres to become C-rich if the mass of the merger remnant exceeds 0.65 M , but to be N-rich for lower masses. The N-rich, C-and O-poor composition of CD-31
• 4800 (Fig. 8) resembles that of a helium WD, that is the core composition of a RGB star, as demonstrated in Table 10 . The abundances predicted for the typical composition of the He-cores of RGB stars of different masses (M He−core =0.2 and 0.45 M ) and from different initial masses (1.0 and 1.5 M ) of the progenitors and the appropriate metallicity (z=0.01, Miller Bertolami 2016). The C, N, and Ne abundances of CD-31
• 4800 are close to those predicted. However, for oxygen the model abundance is much higher than in CD-31
• 4800, which indicates that the NOcycle might had been operating at higher temperatures in CD-31
• 4800 than in the models. Nevertheless, we conclude that the abundance of CD-31
• 4800 are consistent with the slow (cold) merger model of a double He-WD binary. However, the He-sdO star resulting from such a merger would be expected to show some rotation .
Indeed, Schwab (2018) predicts surface rotation of a 30 and 100 km s projected rotation velocity of CD-31
• 4800 is small, the inclination of the rotation axis would need to be small if CD-31
• 4800 resulted from a He-WD merger.
The high C abundance in the other three stars can not be explained by a cold merger. However, hot and composite merger models may be appropriate. Figure 10 shows predictions for the abundances of C, N, O, and Ne in a composite merger model as a function of the final merger mass and for solar metallicity (z=0.02, Zhang & Jeffery 2012) and compares them to the abundances determined for [CW83] 0904−02. The carbon abundance is much too low for stellar masses of less than 0.7 M , but comes close to the observed ones for more massive models. The same holds for neon, while the predicted N abundance is higher than the observed one for all masses, although it comes closer to the observed one for high masses. The predicted O abundance is much higher than the observed one as is the case for CD-31
• 4800 and the cold merger model prediction. For the composite merger the discrepancy for oxygen even increases with increasing mass. Hence, we conclude that the abundance pattern predicted by the composite merger models of Zhang & Jeffery (2012) for equal mass He-WD mergers are inconsistent with the observed abundance patterns of the ≈0.6 M star [CW83] 0904−02 (Fig. 10) . Because LSS 1274, and LS IV +10
• 9 are of lower mass, their abundances are differ strongly from the predictions. Additional calculations are required for pairs of unequal mass He-WDs. Three-dimensional modelling would also be necessary for more robust predictions.
The only program star, for which we obtained a significant projected rotation velocity is [CW83] 0904−02 (31 km s −1 ), close to the prediction of the model for a 0.2 + 0.3 M He-WD merger of Schwab (2018) . Therefore, the measured rotational velocity would point to the composite merger scenario for [CW83] 0904−02, as this is able to explain the observed rotation, although its surface abundance is not fully consistent with the model prediction.
Formation through late hot flashes
The Helium core flash terminates the H-shell burning of red giant stars. In the canonical pictures the flash occurs at the tip of the RGB. However, the H-rich envelope may be lost before the onset of the He-core flash, for instance by binarity or enhanced winds due to stellar rotation (Sweigart 1997; Tailo et al. 2015) or the ingestion of a substellar companion (Soker 1998; Schaffenroth et al. 2014) or after a common envelope event (Byrne et al. 2018) . The remnant would then evolve toward high temperature and finally enter the WD cooling sequence. If a He-core flash occurs during this evolution, it is termed a hot flasher. Two types of hot flashers have to be considered, an early one, that occurs before the WD cooling sequence has been reached, and a late hotflasher when the star is close or already on the WD cooling sequence. During the He-core flash a convective zone develops. In an early hot-flasher model, as in the canonical model, this zone does not reach the H-rich envelope and the surface abundances are not altered. Therefore, we can exclude early hot-flasher to explain He-sdOs. However, in a late hot-flasher, which takes place when the star embarks on the WD cooling curve, the He-flash driven convective zone gets into contact with the H-rich envelope. Depending on whether H-burning takes place or not, hotflasher models are divided in deep-mixing and shallow-mixing events. After the He-flash the surface becomes cooler because the stellar envelope expands triggering an outer convective zone to emerge which moves inwards. In the shallow mixing (SM) case the He-core flash driven convective zone eventually splits giving rise to a convective zone that persists in the outer region of the core until it merges with the outer convective zone of the envelope, which leads to a dredge up of material from the core to the surface. However, no H-burning occurs, but the H content at the surface decreases. In the deep mixing (DM) case, the convective region reaches the H-rich layer shortly after the Heflash maximum and H is mixed leading to violent H-burning. As a consequence hydrogen almost vanishes from the surface and processed material is dredged up to the surface (see Battich et al. 2018, for details) . Figure 11 compares the positions of the program stars in the T eff -log g diagram to evolutionary tracks of the hot flasher scenario with shallow and deep mixing. The shallow-mixing tracks are too cool to meet the observed positions and the remaining hydrogen content is too high. Shallow mixing can, therefore, be excluded. The tracks for deep mixing, however, evolve through the region occupied by the program stars and, hence, are viable.
First, we compare in Fig. 12 the common pattern of hydrogen and light metal abundances of LSS 1274, [CW83] 0904−02 and LS IV +10
• 9 with those predicted by the stellar evolution simulations of Battich et al. (2018) . In Fig. 12 we have chosen tracks with an initial metallicity and helium abundance of z=0.02 and y=0.285, respectively. The observed hydrogen abundance is at the high end of the prediction while the oxygen abundance is at the low one. The C and N abundances are slightly lower, while the Ne abundance is somewhat higher than predicted. Given the uncertainties involved in 1D evolutionary models we consider the observed abundance pattern to be consistent with the DM late flasher predictions. Qualitatively, the origin of the abundance pattern emerging from the flasher models of Battich et al. (2018) can be described as follows.
When the He flash starts 14 N from the He-core is burnt with helium through the reactions 
A&A proofs: manuscript no. He_sdo_revised_accepted_arxiv (Battich et al. 2018 ) and the hot subdwarfs from the SPY project (Lisker et al. 2005; Hirsch 2009 ). The hydrogen-rich hot subdwarfs are marked by open squares, while C-rich He-sdOs are are shown as red filled squares and N-rich as green filled hexagons. The dashed (black) track is for a shallow mixing case and a stellar mass of 0.46794 M , while the full drawn (red) one represent predictions from the deep-mixing hot flasher scenario for a mass of 0.46599 M . Also shown are the zero-(ZAEHB) and terminal age EHB (TAEHB, adopted from Dorman et al. 1993 ) and the helium main sequence (Paczyński 1971). leading to a 18 O-and 22 Ne-enrichment of the He-flash convective zone. Later, the C-and Ne-rich He-flash driven convective zone reaches the other, upper layers of the star, leading to a strong enrichment in both C and Ne at the photosphere. In addition, when this happens the remaining H-envelope is mixed down into the hot He-burning interior, where it is burned with carbon. As a consequence the deep-mixing scenario is also expected to pro- Fig. 13 shows the development of the abundances of the important elements between the He-and H-flash in the simulation of a deep mixing event. The helium flash takes place at t = 0 and 12 C is significantly increased, at the expense of helium. 18 O and 22 Ne are enriched on the cost of 14 N. Shortly after about one year the hydrogen flash occurs and oxygen and 12 C is enriched for a short time before it is transformed to 14 N by the reaction stated above. Immediately after the H-flash the He-flash convective zone splits, with the outermost convective zone being driven by H-burning. Due to the lower temperatures of H-burning the 22 Ne abundances do not change in the outermost convective region after the split. On the contrary, 22 Ne abundances in the innermost convective zone increase continuously during the Heflash, and consequently, the later the convective zone splits, the higher the final 22 Ne surface abundance of the models. The correlation of abundance ratios in Fig. 9 the models in spite of the N created during the H-flash (Battich et al. 2018) . However, in the models too much N is produced during the H-flash, while not enough 22 Ne is produced (see Fig.  12 ). This might indicate that the inner and outer convective zones during the Hot-Flasher event might stay connected longer than predicted by 1D stellar evolution models. The relatively low N/O values in our C-rich He-sdO stars can only be reproduced by hotflasher models with a high 18 O abundance at the moment of the H-flash. As before, the nitrogen-to-oxygen ratio of the models might also be improved if convective zones stay connected after the H-flash.
The correlation between N/C -N/Ne and N/C -N/O may be telling that, for LSS 1274, [CW83] 0904−02 and LS IV +10
• 9, the material that appears in the surface was processed in a late deep-mixing He-flash event. Three-dimensional modelling would also be helpful for more robust predictions.
Summary and conclusions
We studied four prototypical He-sdO stars, the N-rich CD-31
• 4800 and the C&N-rich LSS 1274, LS IV +10
• 9, and [CW83] 0904−02 from high quality spectra using state-of-theart NLTE model atmosphere and spectral synthesis tools. The following results may be highlighted:
1. The analysis made use of data set of unprecedented quality, spectral resolution and coverage by combining ground-based visual and UVA data with FUV observations from the FUSE satellite. 2. Final models included C, N, O, Ne, Mg, Al, Si, S, Fe, and Ni represented by the most detailed model atoms available. Because of the enrichment of either nitrogen or carbon, it turns out, that models including either C or N at the appropriate high abundance reproduce the temperature stratification of full models to within about 1% in the line forming regions. Therefore, derived atmospheric parameters differ by less than the observational uncertainties. Hence grids of synthetic spectra of H/He/N or H/He/C composition are sufficient to derive the atmospheric parameters of He-sdO stars. In order to avoid inconsistencies the chemical abundances are derived from full models at fixed effective temperatures and gravities by adding element by element in a sequence of decreasing solar abundance.
Chemical abundances:
Hydrogen is a trace element in all four program stars. Correlations among C, N, O, and Ne abundances are found, that means the O/N and Ne/N ratios correlate positively with the N/C. For CD-31
• 4800 the He and N enrichment is accompanied by C and O depletion, a typical signature of hydrogen burning in the CNO bi-cycle. While the Ne abundance is solar. Neon is enriched in the C&N-rich stars but shows a large scatter, extending up to a factor of ten with respect to the sun in LS IV +10
• 9. Elements heavier than Ne are subsolar by about a factor of two, except for Si which is close to solar. The abundance patterns of the C-rich He-sdOs are more complex. A somewhat subsolar metallicity is accompanied by C and N-enrichment and O-deficiency, less pronounced than in CD-31
• 4800. The nickel-to-iron ratio is significantly supersolar. 4. Trigonometric parallaxes measured by the Gaia satellite allows us for the first time to derive stellar masses, which turns out to be consistent with predictions from canonical evolutionary models. From the analysis of spectral energy distributions we rule out the presence of late-type stellar companions. 5. The analyses aimed at constraining helium WD merger scenarios on the one hand and hot flasher scenarios on the other: Merger Scenarios: The slow, cold merger slowly accreting from a disk, predicts no nuclear burning effecting the surface composition of the remnant. A fast merger predicts a hot corona to form and helium burning to occur. The composite merger scenario considers both processes to occur simultaneously. Except for the low oxygen abundance observed, the abundance pattern of CD-31
• 4800 is consistent with predictions of models of cold, slow helium WD mergers, that is the atmospheric composition is that of the interior of a lighter helium WD, that has been accreted by the more massive one to form the He-sdO. Carbon-rich He-sdOs can be formed in a composite merger, if their masses are significantly larger than the canonical one. Derived masses for LSS 1274 and LS IV +10
• 9 are lower than the canonical value with [CW83] 0904−02 being the only relatively massive object of the sample. The remnant of a He-WD merger is expected to retain significant angular momentum and rotate at 30 to 100 km s −1 . However, [CW83] 0904−02 is the only program star that rotates at the expected rate and may therefore be a viable merger remnant candidate. Hot flasher scenarios: Early flasher as well as late flasher models with shallow mixing can be excluded because both predict much larger fractions of hydrogen to remain on the stellar surface. Therefore the late hot flasher scenario with deep mixing is the only viable one. The occurrence of convective zones predict the dredgeup of carbon during the helium flash as well as hydrogen burning during the mixing episodes. New evolutionary calculations predict abundance patterns similar to those determined for the C-rich program stars. The C-deficient CD-31
• 4800, however, would be difficult to reconcile in the context of the flasher scenario.
In order to distinguish between the rivalling formation scenarios, it is of utmost importance to determine the stellar masses. • 9. The spectra have been corrected for radial velocity. Bauer & Husfeld (1995) this work this work Dreizler (1993) T eff [K] 44000 ± 2000 42790 ± 700 42570 ± 500 CD-31
• 4800 log g [cm s −2 ] 5.4 ± 0.3 5.41 ± 0.08 5.50 ± 0.07 log y (fixed) 2.6 2.6 T eff [K] 44500 ± 1000 43200 ± 600 43700 ± 500 LSS 1274 log g [cm s
−2 ] 5.55 ± 0.15 5.22 ± 0.05 5.25 ± 0.10 log y (fixed) 2.0 2.0 2.0 T eff [K] 44500 ± 1000 45880 ± 500 45420 ± 750 LS IV +10
• 9 log g [cm s Article number, page 27 of 32 A&A proofs: manuscript no. He_sdo_revised_accepted_arxiv Table A .4. Visual and UVA spectral lines used for the abundance determination. The profiles of some spectral lines were calculated together, either because they are closely blended lines or resolved multiple lines, for which no lines from other species intervene (e.g. Ne ii, 3643.93/3644.86Å, see Fig. 6 ). 
